Study Highlights
preclinical models. In an established mouse model of TB, the substitution of rifapentine for rifampin at the same 10 mg/kg dose level significantly shortened the treatment duration to achieve cure without relapse. 2 The results prompted a phase II trial (TBTC study 29) in which rifapentine 10 mg/kg was substituted for rifampin in the first-line regimen. 3 The rifapentine dose was extrapolated directly from mice to humans, without more sophisticated pharmacokinetic/pharmacodynamic (PK/PD) modeling and without considering the impact of human PK variability or differences in lung pathology. Unlike results in mice, the rifapentinecontaining regimen was not superior to control in study 29. 3 Because the murine studies demonstrated a clear exposure-response relationship for both rifamycins, 2, [4] [5] [6] another clinical trial (TBTC study 29X) was performed in which rifapentine doses ranged from 10 to 20 mg/kg. 7 As expected, patients with rifapentine plasma exposures in the two higher tertiles had more rapid sputum culture conversion and higher rate of change in Xpert MTB/RIF assays than the lowest tertile. 3, 7, 8 This result corroborated the hypothesis that increasing rifapentine doses would increase efficacy in humans, but again demonstrated that rifapentine doses required to achieve superior efficacy over rifampin were higher than anticipated based on results in mice.
Replacing isoniazid with moxifloxacin in the first-line regimen and in rifapentine-containing regimens accelerated bacterial killing and reduced the treatment duration necessary for cure in mice by 1-2 months. 9, 10 Despite few assurances that this effect in mice would translate to a 2-month treatment reduction in humans, 10 substitution of moxifloxacin for isoniazid was examined in two phase III trials. Although it did increase in the rate of sputum culture conversion, this substitution was insufficient to successfully shorten treatment from 6 to 4 months in the REMox-TB trial. 11 Similarly, replacing isoniazid with moxifloxacin and rifampin with twiceweekly rifapentine in the continuation phase was insufficient to shorten treatment to 4 months in the Rifaquin trial. 12 As PK/PD relationships between drug exposure and antimicrobial effect at the site of infection are expected to be largely invariant, 13 they should be translatable from preclinical models to the clinic. However, there are at least three major challenges in translating efficacy between animals and patients: (i) difficulties replicating human PK profiles in animals; (ii) differences in disease-related pathology and immune responses; and (iii) much higher PK variability in patients.
Expecting that system's pharmacology models can address this "translational gap," we hypothesized that a model describing the interplay among bacterial growth, the adaptive immune response, lung pathology, and the pharmacological relationships of drugs in the regimen would provide better predictions of clinical efficacy. We compiled preclinical PK/PD and clinical PK data and information on disease pathology to build a translational mouse-to-human PK/PD model. Then we used the model to predict PK/PD relationships and long-term clinical trial outcomes, focusing on the efficacy of rifampin, rifapentine, and moxifloxacin and their contributions to regimens evaluated in recent phase III trials.
MATERIALS AND METHODS

Mouse studies
Published and unpublished PK/PD data from 2,187 BALB/c and nude mice were used. 2, 9, [14] [15] [16] Mice in each experiment were block-randomized to treatment assignment after aerosol infection with M. tuberculosis H37Rv. Depending on the experiment and incubation period, the infectious dose ranged from 2-5 log 10 colony forming units (CFUs). Treatment with one or more drugs began 3-61 days after infection. Multiple dose levels were administered: rifampin (R) from 2.5-640 mg/kg or rifapentine (P) from 5-20 mg/kg administered once daily for 2, 5, or 7 days per week alone, or combined with pyrazinamide (Z; 150-300 mg/kg daily) and either isoniazid (H; 10-75 mg/kg daily) or moxifloxacin (M; 100 mg/kg daily or twice daily) with or without ethambutol (E; 100 mg/kg daily; Table 1 ). Pyrazinamide was stopped after 8 weeks of treatment in most experiments. Lung CFU counts were measured at predefined intervals; up to 12 weeks after treatment initiation for treated animals and up to 15 weeks for untreated "control mice."
Plasma samples for PK analysis were collected in separate studies after 3 weeks of administering rifampin and rifapentine at daily doses ranging from 10-40 mg/kg and 5-20 mg/kg, respectively, 5 days/week. Single-dose PK data were available for moxifloxacin at doses ranging from 100-400 mg/kg.
Data analysis
Analyses were performed using nonlinear mixed-effects modeling (NONMEM VII software; ICON Development Solutions, San Antonio, TX). Associated data analyses and visualization were managed using R (R-3.1.1, Development Core Team, 2013). The first-order conditional estimation with interaction method was used, whereas the model-building procedure was guided by the likelihood ratio test, diagnostic plots, and internal model validation techniques, including visual predictive checks and bootstrap.
Pharmacokinetics of rifampin, rifapentine, and moxifloxacin in mice
One-compartment and two-compartment models with linear and nonlinear absorption and elimination were tested. First, population PK parameters (θ ) for clearance (CL), bioavailability, and rate of absorption (K a ) per dose level were estimated from the data. Models incorporating absorption lag times and zero-order and first-order absorption and elimination were also evaluated. Interindividual variability values for CL, V d , or bioavailability were assumed to be log-normally distributed. Residual variability was described using a proportional error model.
Model describing bacterial growth dynamics, with or without treatment, in immune-competent and immune-deficient mice
A baseline model was established to describe the growth of bacteria without drug treatment or the effect of the immune system. The residual error was split into two components: one to account for errors with each experiment and one to account for study-arm-specific difference replication residual error (RRES) to avoid bias due to correlations. 29 Interindividual variability was estimated on baseline CFU counts and maximum CFU counts (B max ). As the distribution of the baseline was not normal, heavy tail, box cox, and binomial distributions of the baseline ε were estimated.
The baseline model was followed by the addition of rifapentine, rifampin, and moxifloxacin treatment response data. First, the antimicrobial effect of the drug (E drug ) was estimated as an effect per dose level to determine the shape of the correlation. The model of drug dose-effect was evaluated individually using a proportional effect on bacterial death or bacterial growth. Then, the drug concentration-effect relationship was modeled using linear or nonlinear (E max ) equations. In addition, the presence of a time delay between www.cts-journal.com Immune function yes = BALB/c mice, immune function no = nude mice. The medians (ranges) of values are presented, unless specified otherwise. a Drugs for the PD studies were administered at multiple dose levels: rifampin (R) from 2.5 to 640 mg/kg or rifapentine (P) from 5 to 20 mg/kg administered once daily for 2, 5, or 7 days per week alone, or combined with pyrazinamide (Z; 150-300 mg/kg daily) and either isoniazid (H; 10-75 mg/kg daily) or moxifloxacin (M; 100 mg/kg daily or twice per day) with or without ethambutol (E; 100 mg/kg daily). b Steady-state plasma samples for PK analysis were collected after 3 weeks of dosing rifampin and rifapentine at daily doses ranging from 10-40 mg/kg and 5-20 mg/kg, respectively, 5 days per week; single-dose PK data were available for moxifloxacin at doses ranging from 100-400 mg/kg. cLung CFUs were measured in the homogenized lungs of mice euthanized at predefined intervals, up to 12 weeks following treatment initiation for treated animals and up to 15 weeks for untreated "control mice." In some studies, the proportion of mice with culture-positive relapse 12 weeks after completing various durations of treatment was assessed. drug administration and the observed effect was explored by introducing an effect compartment (C e ), with the effect delay characterized by a first-order rate constant (k e ).
Clinical trial simulations using a translational pharmacokinetic/pharmacodynamic model PK/PD relationships in patients were simulated by integrating patient PK parameters, species-specific protein binding, drug-drug interactions, and patient-specific disease pathology (e.g., lung cavities and immunodeficiency), together with treatment response information and immune responses derived from mice ( Figure 1 and Table 2) . [5] [6] [7] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Patient-derived PK parameters of moxifloxacin, 17, 18 rifampin, 30 and rifapentine 5 were derived from the literature ( Table 2 ) and dose-dependent bioavailability and/or clearance of rifamycins was considered. 7, 19, 20 Effects of drug-drug interactions of rifamycins on moxifloxacin clearance were included 21, 31 as was the effect of food on rifapentine. 20 As free fractions of drugs in plasma were presumed to be the active fractions, the effective concentration in patients was adjusted using ratios of literature-derived free fractions between humans and mice ( Table 2) . [22] [23] [24] [25] Baseline CFU counts observed in the HIGHRIF1 trial were implemented. 26 The adaptive immune response of patients without immunodeficiency was considered similar to the immune function during chronic infection derived from mice at day 60 postinfection in combination with drugs (K immune = 1.22 × 10
day −1 ). The immune response was predicted to be steady throughout treatment, consistent with other studies of immune response in TB. 32 Effects of disease pathology on PK/PD were explored ( Table 2) . Reduction in the adaptive immune effect was implemented to estimate drug efficacy in patients with immunodeficiency (e.g., advanced human immunodeficiency virus infection) by simulating with immune parameters between 0 and the estimated effect. The effects of 10% retention of rifampin at the site of action compared with plasma 27 and fourfold higher EC 50 of rifapentine were explored. 28 Regimens and dosing schedules of clinical trials were introduced to generate plasma concentration-time profiles at steady state and CFU counts during treatment and for 1 year post-treatment. These were simulated in 200 hypothetical subjects per study arm. Figure 1 A translational pharmacokinetic/pharmacodynamic (PK/PD) model derived from mouse data used to predict colony forming unit (CFU) counts in patients. In this translational model, we assumed the following characteristics: (i) that the rate of bacterial growth in BALB/c mice and in human patients with drug-sensitive pulmonary tuberculosis (TB) are the same, and (ii) that the concentrationresponse relationship in mice and human patients at the site of action is the same. Therefore, the parameters assumed to be equivalent to the preclinical values are not highlighted, whereas the patient-based parameters are highlighted in red. Baseline, number of bacteria at inoculation; B max , maximum number of bacteria; γ , the sigmoidicity factor, which defines the shape of the relationship; γ immune response , the sigmoidicity factor, which defines the shape of the immune system -bacterial effect relationship; IT 50 , the time that produces 50% of the maximum immune effect; K death , bacterial death constant; K growth , bacterial growth constant; M, moxifloxacin; P, rifapentine; R, rifampin; θ KDOI.0 , immune killing rate in treated animals at average incubation time; θ KDOI.t , the increase in killing rate in experiments with a longer than average incubation period; θ KIND , the maximum immune dependent killing rate in untreated animals; EC 50 , the antibiotic concentration that produces 50% of the maximum effect; E drug , effect with a certain drug treatment; E max , the maximal achievable effect with a certain drug treatment.
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Numbers of relapse-free and culture-negative subjects were estimated as the numbers of patients with CFU <1 at the relevant time points. Long-term treatment response was defined as the number of patients with CFU <1 at 1 year (using a cure boundary).
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RESULTS
Pharmacokinetics of rifampin, rifapentine, and moxifloxacin in mice and human patients
The model building process of PK in mice and results are described in detail in Supplementary Table S2 and Table  S1a , and Supplementary Figure S1 . For none of the three drugs were area under the curve (AUC) and peak plasma concentration (C max ) comparable to those in patients receiving the same mg/kg dose at steady-state concentration (Supplementary Figure S2 ). In addition, these exposure parameters could not be predicted using conventional allometric scaling of CL and V d , demonstrating that we should not rely on mouse dosing or allometric scaling 34, 35 of preclinical PK parameters alone to predict clinical PK or equivalent doses.
Model describing bacterial growth dynamics, with or without treatment, in immune-competent and immune-deficient mice
The Gompertz model (Eq. (1)) was used to describe the number of viable bacteria as a function of net growth rate (K net ) and the maximum growth rate when the mouse lung is saturated (B max ) 36 ( Figure 3a) . As incubation times varied between experiments, a binomial distribution of ε (variability on baseline estimation) improved the model ( objective function value [OFV] = −8.6; df +1; P < 0.01). K net did not significantly differ among experiments with either a long or short incubation period (0.68 relative standard error [RSE] 5% vs. 0.64 RSE 6%, respectively). In addition, K net was similar in BALB/c mice and nude mice (0.63 day −1 RSE 6% vs. 0.69 day −1 RSE 26%, respectively). However, CFU counttime profiles of immune-competent mice showed that K net gradually reduced due to the onset of the adaptive immune response (K immune ).
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Derived from mouse model: EC50: 0.50 mg/L γ : 0.86 E max ; 1.00 d CFU, colony forming unit; CL, clearance; F1, bioavailability; KA, absorption constant; LAG, lag-time; M, moxifloxacin; NA, not applicable; P, rifapentine; PD, pharmacodynamic; PK, pharmacokinetic; Q, the intercompartmental rate; TB, tuberculosis; V1, volume of distribution of the central compartment; V2, volume of distribution of the second compartment. Baseline, number of bacteria at inoculation; B max , maximum number of bacteria; E drug , effect with a certain drug treatment; E max , the maximal achievable effect with a certain drug treatment; EC 50 , the antibiotic concentration that produces 50% of the maximum effect; K net , bacterial net growth constant; K immune , estimated immune killing rate (at maximum effect as observed in mice); γ , the sigmoidicity factor that defines the shape of the relationship; C adj , adjusted concentration: the free fraction of drug in plasma was presumed to be the active fraction, therefore, the effective concentration in patients was adjusted using the ratio in free fraction between humans and mice was derived from the literature. a Ratio of free fraction in humans/free fraction in mice.
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The parameters assumed to be equivalent to the preclinical values derived in mice are not highlighted, whereas the patient-based and literature derived parameters are highlighted in red.
B = bacterial count in mouse lungs (log CFU); B max = maximal bacterial count that can be reached in mouse lungs; K g = bacterial growth rate; and K d = natural bacterial death rate.
In Eq. (1), the onset of the adaptive immune-dependent killing effect (K immune ) was first introduced using a lag-time ( OFV −43.5; df +2; P < 0.01). A sigmoid-shaped function with γ as the sigmoidicity factor and an onset (IT 50 ) 4 weeks after incubation improved the model ( OFV = −75; df −2; P < 0.001; Eq. (2) left). This time-varying function optimally described the immune system-time-bacterial effect relationship (Figure 3b) .
Based on data from treated and untreated BALB/c mice, K immune was further separated into immune-dependent killing in the absence (Eq. (2) left; Figure 3b ) or presence (Eq. (2) right; Figure 3c ) of drugs. In treated animals, the effect of the immune function showed a linear correlation with time after inoculation using θ KDOI in Eq. (1) (in the presence of drugs, θ KIND = 0). This linear model showed an improved fit compared with a categorical model of chronic and acute infection ( OFV = −20; df −1; P < 0.01) with a minimum incubation period of 3 days. The estimated immune-dependent killing effect resulted in distinctly different profiles in acute and chronic mouse infection models (Figure 3c) .
The observed and predicted data of immune-dependent killing and drug-dependent killing are shown in Figure 2b and model parameters are presented in Supplementary Table S1b.
Drug effect model in mice
In the full PK/PD model, the bacterial growth dynamics submodel and the mouse population PK model were combined, and equations were introduced that characterized the effect that the drug imposed on the bacteria (Supplementary Table  S1 ). (5)) were first evaluated by dose level and concentration level. In these subanalyses, K net was separated into a bacterial growth rate (K g ) and a natural bacterial death rate (K d , Eq. (3)- (5)). 36 A K g of 0.78/day was adapted from Gill et al. 37 (day 0-13 experiment).
Models with individual drug effects (E drug
Rifampin Dose-mediated bacterial killing by rifampin was best described with a function of drug effect enhancing bacterial death rate (Eqs. Table S1c) . Inclusion of delayed effect did not significantly improve the model ( OFV −1.4; df −1; P = 0.237). This model was able to predict CFU change at dosing frequencies of 1, 2, and 5 days per week (Supplementary Figure S4e) .
E max indicates the maximal achievable antibacterial effect with a certain drug; EC 50 is antibiotic concentration producing 50% of E max ; and γ is the sigmoidicity factor.
Rifapentine
A function to describe the dose-response enhancing the bacterial death rate was also the best fit for rifapentine (Eq. (3)) as compared with a model with drug effect inhibiting bacterial growth (Eq. (5); OFV = −686; df 0; P = 0.001; Supplementary Figure S4c) . The concentration-effect relationship was best described using a sigmoidal E max model (Eq. (7)) with an EC 50 of 0. Table S1c) .
Comparison of rifamycin concentration-effect relationships in mice shows that at the same concentration, rifampin E max is significantly higher and IC 90 lower compared with rifapentine (Supplementary Table S1 ; Supplementary Figure S5a) . However, in these once-daily dosing studies, the EC 90 of rifapentine was reached for a prolonged time period compared with rifampin at the same dose level. In mice receiving 10 mg/kg 5 days/week, rifapentine reached the EC 90 of 0.9 day −1 75% of the time, vs. 25% for rifampin (Supplementary Figure S5b) .
Moxifloxacin
The drug-mediated-killing effect of moxifloxacin was tested in combination with isoniazid and pyrazinamide. The PK/PD model for moxifloxacin could be described with a drug effect either inhibiting the bacterial growth rate or enhancing the bacterial death rate ( OFV = +1; df +0; NS). In the dose range of 0-200 mg/kg, the data were best described using a linear correlation (Eq. (6)) between moxifloxacin concentration and drug effect (Figure 3g; Supplementary Figure S4f) . The EC 50 of moxifloxacin in mice was not reached with a 200 mg/kg dose, corresponding to an AUC between 40 and 45 mg*h/L, equivalent to that observed in patients receiving 400 mg (Supplementary Figure S2 and Supplementary Table S1c).
Composite drug effect of combination treatment
The effect of other components in the drug regimen (i.e., 150 mg/kg pyrazinamide, 25 mg/kg isoniazid, and/or 100 mg/kg ethambutol) was described using an extra efficacy term: (E 0 ) on K d (Eq. (8)) to capture antagonistic, additive, or synergistic effects of the additional drugs.
Only a small beneficial effect of adding once daily dosing of 150 mg/kg pyrazinamide and 25 mg/kg isoniazid, with or without 100 mg/kg ethambutol, to rifampin was estimated; HZ to rifampin (E HZ ) was 0. Figure S4b) .
A small but significant decrease in drug effect was estimated when adding daily pyrazinamide and isoniazid to rifapentine (E PHZ by −0.015; RSE 50; Figure 3f , and Supplementary Table S1c ).
The effect of a regimen including moxifloxacin at both dose levels in combination with rifampin 10 mg/kg or rifapentine 10 mg/kg, pyrazinamide and ethambutol (but not isoniazid) were larger compared with the control group with isoniazid instead of moxifloxacin (Supplementary Figure S4g) . Simulations of moxifloxacin 200 mg/kg alone using the estimates of its contribution to the combination with rifampin and pyrazinamide predicted only limited bacteriostatic activity, whereas, in prior studies, a bactericidal effect of moxifloxacin monotherapywas observed in mice 38, 39 (Figure 3g, gray line) . The efficacy of moxifloxacin was larger when it was combined with rifampin at 10 mg/kg (0.161 d −1 ; RSE 3%; compared with rifapentine at 10 mg/kg; 0.07 d −1 ; RSE 50%; Supplementary Table S1c and Supplementary Figure S4g) . Also, only a small beneficial effect of adding ethambutol (0.0344 d −1 ; RSE: 30%) to the RMZ combination was estimated (Supplementary Table S1c ).
Clinical trial simulations using a translational pharmacokinetic/pharmacodynamic model A visual presentation of the translational PK/PD model is shown in Figure 1 and parameters are shown in Table 2 .
Can the translational model predict pharmacokinetic/pharmacodynamic relationships in patients?
We tested dose increases of rifampin and rifapentine and compared results to observations in the TBTC study 29X, 7 HIGHRIF2, 19 and PanACEA MAMS trials. 40 Rifapentine dose escalation from 10 to 40 mg/kg had a beneficial effect on regimen efficacy (Supplementary Figure S6a) , and the predicted responses were in agreement with the observed data of TBTC study 29X, 7 ( Table 3 and Supplementary Figure  S7a) . Proportions of participants predicted to have negative cultures at 8 weeks were comparable to observed data in all rifapentine arms: for 10 mg/kg, 88.6% predicted (95% confidence interval [CI], 82-94%) vs. 87.1% observed; for 15 mg/kg, 97% predicted (95% CI, 93-100%) vs. 96.7% observed; for 20 mg/kg, 98.8% predicted (95% CI, 95-100%) vs. 89.7% observed, respectively (Supplementary Figure S7c, Table 3) . None of the patients was predicted to relapse at 1 year after completing 4-6 months of treatment.
To account for possible overprediction by the model, we explored revising the expected PK/PD relationship for rifapentine in the presence of cavitary TB. Rifapentine penetration into cavitary lesions may be reduced. 28 In TBTC studies 29 and 29X, one-third of the subjects had cavitary lesions. 28 In those with cavities ࣙ4 cm, a higher exposure did not reduce the estimated average time to stable culture conversion, whereas in others without large cavities, a clear exposure-response relationship was observed.
28 Supplementary Figure S6e shows simulation results of a weaker rifapentine-mediated killing effect in cavities. Consistent with results from recent clinical trials, 18, 19, 40 our simulations showed that high-dose rifampin (35-40 mg/kg) improved treatment outcomes (Supplementary Figure S6b) . The proportion of participants predicted to be culturenegative at 8 weeks for rifampin at 10 mg/kg was 38.5% (95% CI, 30-47) vs. 77% observed; at 15 mg/kg, 60.9% (95% CI, 50.5-70) vs. 74% observed; and at 20 mg/kg, 72.2% (95% CI, 63.5-80) vs. 80% observed, showing underprediction of rifampin's killing effect at 10 mg/kg, but more accurate prediction for higher doses (Supplementary Figure S7b,  Table 3 ). One year after completing 6 months of treatment (assuming 4 months of HR 10mg/kg in the continuation phase), 3% of patients were predicted to relapse in the control arm vs. 3% observed, and in the 35 mg/kg rifampin group none of the patients was predicted to relapse, which is in agreement with the PanACEA MAMS trial results 40 (Supplementary Figure S7d, Table 3 ).
Rifampin shows prolonged retention and accumulation in caseous lung lesions. 27 The relatively rapid clearance from plasma may enhance this effect in comparison with other drugs. 27 Therefore, we explored whether a prolonged retention time at the site of action might account for the underprediction of the rifampin 10 mg/kg effect at 8 weeks.
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Supplementary Figure S6c shows that, at 10% retention in the lung, the drug-mediated decline in CFU counts is steeper. Thus, including disease pathology in the model produced better predictions of PK/PD relationships for both rifamycins. The model confirmed the observed efficacy of rifampin-containing regimens, including improved outcomes with higher doses. 18 The model also confirmed the clinical observation that increasing the rifapentine dose had only a small beneficial effect on the responses in subjects with cavities ࣙ4 cm. 28 The results suggest that the influence of caseous lesions on rifamycin distribution and retention is one reason that PK/PD relationships based on plasma exposures in BALB/c mice may not translate directly to human patients with cavitary TB.
Can the translational model predict long-term efficacy?
We tested substituting moxifloxacin for isoniazid and compared the results to observations from the REMox-TB 11 and Rifaquin 12 trials. This substitution did not improve predicted outcomes for patients receiving rifampin (Supplementary Figure S8a ), but did improve predicted outcomes for those receiving rifapentine (Supplementary Figure S8b) .
Simulations of the REMox-TB 11 and the Rifaquin 12 trials are shown in Figure 4a . They did not predict the modest beneficial effect of substituting moxifloxacin for isoniazid on sputum culture conversion at 8 weeks observed in the REMox-TB and Rifaquin trials (Supplementary Figure S8, Table 3 ). However, as observed in both trials, the simulations predicted that the substitution was insufficient to shorten the treatment duration to 4 months (Figure 4a) . In the REMox-TB trial, the number of relapse-free patients in the 4-month 2RMZE/2RM arm was 65% (95% CI, 55-74) predicted vs. 80% observed; and in the control arm 97% (95% CI, 93-99) predicted vs. 92% observed (Figure 4b, Table 3 ). In the www.cts-journal.com Rifaquin trial, the number of relapse-free patients in the 4-month arm was 79% (95% CI, 72-87) predicted vs. 81.8% observed; and in the control arm 97% (95% CI, 93-99) predicted vs. 95% observed (Table 3, Figure 4b ). These results show that the model accurately predicted the most relevant clinical outcome-cure without relapse (Figure 4b , Table 3 ).
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Can the translational model predict the results of ongoing trials?
To prospectively explore outcomes of ongoing trials, we tested substituting high-dose rifapentine for rifampin with or without also substituting moxifloxacin for ethambutol to mirror TBTC study 31 (Figure 4c) . At 4 months and beyond, all simulated patients in the two 4-month study arms had negative cultures and their disease did not relapse (Figure 4c , Table 3 ). Figure  S7d) .
We also tested whether high-dose rifampin (2R 35mg/kg HZE/2R 35mg/kg H) could shorten treatment to 4 months. None of the patients was predicted to have their disease relapse at 1 year (Figure 4d, Table 3 ).
www.cts-journal.com Table 2) . Solid lines are the mean predicted CFU counts (black) and plasma concentrations (rifampin, blue; moxifloxacin, green; rifapentine, red). Gray-shaded areas are the areas between the lower and upper limits of the 95% confidence intervals of the predicted CFU counts. Dosing schedule: REMox-TB trial, control arm: (months 0-2) rifampin 10 mg/kg, isoniazid 300 mg, pyrazinamide 25 mg/kg, and ethambutol 20 mg/kg, daily; (months 2-6) rifampin 10 mg/kg and isoniazid 300 mg daily. Ethambutol arm: (months 0-2) rifampin 10 mg/kg, moxifloxacin 400 mg, pyrazinamide 25mg/kg, and ethambutol 20 mg/kg daily; (months 2-4) rifampin 10 mg/kg and moxifloxacin 400 mg daily. Rifaquin trial, control arm: (months 0-2) rifampin 10 mg/kg, isoniazid 300 mg, pyrazinamide 25 mg/kg, and ethambutol 20 mg/kg daily; (months 2-6) rifampin 10 mg/kg and isoniazid 300 mg daily. Four-month arm: (months 0-2) rifampin 10 mg/kg, moxifloxacin 400 mg, pyrazinamide 25 mg/kg, and ethambutol 20 mg/kg daily; (months 2-4) rifapentine 15 mg/kg and moxifloxacin 400 mg twice weekly. Six-month arm: (months 0-2) rifampin 10 mg/kg, moxifloxacin 400 mg, pyrazinamide 25 mg/kg, and ethambutol 20 mg/kg daily; (months 2-6) rifapentine 20 mg/kg and moxifloxacin 400 mg weekly. TBTC study 31, control arm: (months 0-2) rifampin 10 mg/kg, isoniazid 300 mg, pyrazinamide 25 mg/kg, and ethambutol 20 mg/kg daily; (months 2-6) rifampin 10 mg/kg and isoniazid 300 mg daily. Four-month arm: rifapentine arm: (months 0-2) rifapentine 1200 mg, isoniazid 300 mg, pyrazinamide 25 mg/kg and ethambutol 20 mg/kg daily; (months 2-4) rifapentine 1,200 mg and isoniazid 300 mg daily. Rifapentine and moxifloxacin arm: (months 0-2) rifapentine 1,200 mg, isoniazid 300 mg, moxifloxacin 400 mg, and pyrazinamide 25 mg/kg daily; (months 2-4) rifapentine 1,200 mg, isoniazid 300 mg, and moxifloxacin 400 mg daily.
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The high success rates predicted with either high-dose rifamycin regimens suggest that the translational model can inform regimen optimization and predict outcomes of late-stage clinical trials. The results of these ongoing trials will determine the accuracy of these predictions.
DISCUSSION
Mouse models have been used for decades to evaluate new TB drugs and regimens and to inform clinical trials. Selection of regimens to test in phase II/III trials to shorten treatment duration relies heavily on results in mice. However, disappointing results of recent trials of fluoroquinolone-containing regimens and the imperfect translation of rifapentine doseresponses observed in BALB/c mice, 3, 7, 11, 12, 19 suggest that knowledge gained from preclinical investigations was not utilized fully in informing dose selection and regimen optimization. Therefore, we developed a translational PK/PD model describing M. tuberculosis growth in mice, effects of the adaptive immune response on bacterial growth, and relationships between drug concentration and accelerated bacterial death in mice. We expanded the model to include clinical steady-state PK data, species-specific protein binding, drug-drug interactions, and patient-specific pathology (e.g., cavitary disease). This translational PK/PD model adequately predicted exposure-response relationships of rifamycins and long-term outcomes observed in recent clinical trials. In addition, the validated model predicted minimal risk of relapse at 1 year following 4 months of treatment with highdose rifapentine regimens in the ongoing TBTC study 31 (NCT02410772) and with high-dose rifampin regimens in the ongoing RIFASHORT trial (NCT02581527). This provides a basis for prospective evaluations to determine the predictive accuracy of the model.
The challenges of interpreting preclinical PK/PD data for TB drugs require advanced PK/PD modeling techniques. Treatment outcomes in mice were highly influenced by experimental variables, such as the infectious dose, incubation period, and immune status. Moreover, there is great interindividual variability in lung pathology in patients with TB, in which the extent of caseous disease, presence or absence of cavitation, and size of cavities influence drug distribution and treatment outcomes. In contrast, the mouse strains used in the experiments that informed the model do not develop caseous lung lesions. Accounting for the influence of such lesions improved the translational model. Recent advances in developing more pathologically representative animal models 41, 42 and new approaches for studying drug concentrations at the site of infection 43 have laid the groundwork for further study of the impact of tissue pathology on regimen efficacy. Further research should focus on lesion heterogeneity and its impacts on drug distribution and efficacy, the metabolic state of bacteria and microenvironmental conditions affecting drug action.
We quantified the adaptive immune effect for the purpose of quantifying the true drug effect (contribution of drug alone to efficacy), which can now be applied to estimate drug efficacy in immunodeficient patients. Simulations with the final translational model show a greater contribution of the immune system to bacterial killing and treatment outcome in patients receiving standard-dose rifampin compared with high-dose rifapentine. This suggests that in patients with advanced human immunodeficiency virus infection, rifapentine may be preferred over rifampin, as suggested by a study in athymic nude mice. 44 This effect is likely due to massive killing of intracellular bacilli by high-dose rifapentine, but the precise mechanisms of such immune-mediated effects require further study.
Combining isoniazid and pyrazinamide with rifampin or rifapentine had only a limited beneficial or even a slight antagonistic effect on bacterial clearance in this model, consistent with previous studies demonstrating potential antagonistic effects in mice and human patients. 45, 46 However, the ability to discriminate the effects of individual agents used in combinations was limited by the available data. We are currently working to incorporate more variations in component drug combinations (including monotherapy) and drug doses. This will enhance our understanding of the pharmacodynamic interactions and the contribution to the sum effect of these drugs in combination, which will be useful to study new drug combinations.
Our translational modeling approach can be extended to the prediction of clinical trial outcomes for regimens comprised of other TB drugs and for other diseases in which a largely invariant relationship exists between drug exposure and effect at the site of action in preclinical models and in patients, such as other infections, cancer, pain, and neurological diseases. An example of a similar approach in cancer is provided by Betts et al. 47 who developed a translational PK/PD model of inotuzumab ozogamicin for acute lymphocytic leukemia using preclinical and clinical data.
In conclusion, we built a translational PK/PD model to predict clinical outcomes utilizing preclinical exposure-response data, information about disease pathology, and immune responses linked with clinical PK and validated the model based on long-term outcomes of recent clinical trials. This model can inform design and predict outcomes of phase II/III trials of new TB regimens, such as TBTC study 31 and the RIFASHORT trial. When enhanced with individual effects of each drug and additional cross-species PK/PD response differences related to differences in pathology in future studies, this model is expected to provide better predictions of trial outcomes for new regimens in development. Our approach is relevant for researchers working across disease areas to bridge the preclinical-clinical divide in more efficient and informative ways.
